Propionibacterium acnes, a commensal of human skin, is also an opportunistic pathogen of common acne and certain infectious diseases. However, it is still not obvious which strain is pathogenic for a certain infectious disease, and investigations to characterize pathogenic strains using molecular typing methods such as MLST using several housekeeping genes have been undertaken. However, to date, such analysis has focused mainly on strains isolated from Europeans, and it is unclear whether the clonal distribution in other parts of the world is similar. Here, we analysed 50 strains of P. acnes from healthy humans and patients with atopic dermatitis (AD) in Japan and utilized MLST of seven housekeeping genes to study their clonal patterns. The MLST successfully typed the strains into five types, IA, IB1, IB2, II and III. Strains that belonged to types IA, IB and II were common on the human skin of both populations (Europe and Japan), but this study demonstrated what we believe to be the first association of type III strains with human skin, existing on the skin of both the AD and non-AD population. These results indicate the global existence of type III strains on human skin.
INTRODUCTION
Propionibacterium acnes is one of the most dominant commensals of human skin (see, for example, Dekio et al., 2005; Grice et al., 2009) . However, it is increasingly being reported from a variety of diseases, such as acne vulgaris (common acne) (Dessinioti & Katsambas, 2010) , prosthetic hip joint infection (Tunney et al., 1999) , sarcoidosis (Ishige et al., 1999) and prostate cancer (Cohen et al., 2005) . P. acnes colonizes an immensely varied range of ecological niches on human skin. Consequently, it has been anticipated that its intraspecies diversity may be high, and numerous methods have been employed to ascertain whether there is any clonal selection of certain biotypes with infection. For example, two distinct types of P. acnes, I and II, which are phylogenetically different (McDowell et al., 2005) , were first distinguished as such in 1970 based on their characteristic fermentation patterns (Voss, 1970) . This was followed by the publication of a method for differentiation of each of these types using specific antibodies (Holmberg & Forsum, 1973) . This typing method, combined with additional fermentation subtypes, partially succeeded in distinguishing the acne-specific subtype (Higaki et al., 2000) . Recently, type III with a filamentous cell morphology and a slightly different recA gene sequence was added to this typing (McDowell et al., 2008) .
Atopic dermatitis (AD) is a chronic skin disease which develops bilateral eczema lesions with severe itch. The aetiology is not well described, but dry skin with filaggrin gene mutation may be of high importance. The microbiota of AD patients differs from that of healthy humans, with higher density of Staphylococcus aureus both in eczema lesions (Leyden et al., 1974) and in normal-looking sites (Aly et al., 1977) , thus it is considered that the bacteria are only partly related to AD. However, the role of P. acnes on patients' skin is still uninvestigated.
MLST has emerged from multilocus enzyme electrophoresis as a high-resolution method for characterization of various micro-organisms, using several housekeeping genes (Maiden et al., 1998) . Because MLST uses sequence data, it provides unambiguous and portable profiles of strains, and thus this scheme is very useful for comparing the profiles across various studies. Another strength of MLST is that the profile reflects the evolutionary position of the strains. For P. acnes, two different MLST schemes using different sets of housekeeping genes have been proposed (Lomholt & Kilian, 2010; . These schemes resulted in further more concise typing with very similar evolutionary trees. To date, these typing schemes have been applied only to strains isolated from European subjects and a small number of strains isolated in Australia, Japan and China (Lomholt & Kilian, 2010) . Consequently, it is still unclear whether there is any correlation of specific MLST types throughout the world.
In order to expand the MLST profiles between East Asia and Europe, we collected P. acnes strains from humans in Japan, and typed their profiles. The scheme proposed by was adopted, because their typing data were carefully matched to biochemical and physiological characteristics of the existing P. acnes types.
METHODS
Collection, culture and preliminary identification of P. acnes isolates. The experimental protocol was approved by the Ethics Review Committees of RIKEN (approval number Wako 3-15-26) and Keio University (approval number 15-70), and the Medical Ethics Committee of Shimane University (approval number 688). Clinical isolates of P. acnes were collected from the skin of 10 healthy volunteers (named HC1-10) and 4 patients with AD (named AD1-4) in RIKEN, Keio University Hospital and Shimane University Hospital. All of the participants were Japanese, and all of the four AD subjects had eczematous lesions. The skin sites for the sampling were forehead, cheek, forearm, axilla, sole and eczematous sites (arms and trunk), where the subjects agreed to have samples taken. The participants were advised not to wash, touch or apply cosmetics on the sampling area for more than 12 h prior to commencement of the study.
The sampling and culture procedure was performed as described previously using a moistened swab and anaerobic culture technique (Dekio et al., 2005) with minor modifications. The open end of a sterile plastic cylinder, with a diameter of 25 mm, was manually placed on the sampling site. The inside area was scrubbed for 30 s using a sterile swab (Nissui) moistened with PBS. The tip of the swab was then broken with the inside wall of a glass tube containing 1 ml PBS, so that the wet tip was dropped into PBS without contamination. The glass tube was immediately capped and shaken for 30 s using a Vortex mixer to suspend the bacterial cells. The collected samples were serially diluted using PBS at a dilution rate of 10-fold from 10 21 to 10 25 . Fifty microlitres each of the 10
21
, 10 23 and 10 25 dilutions was plated out on Eggerth-Gagnon agar (Merck) plates.
The agar plates were incubated for 7 days under anaerobic conditions in an Anaerorator FA-3 incubator system (Hirayama Manufacturing) at 37 uC and 100 % CO 2 . Colonies with different morphologies were subsequently isolated individually from each plate. Cell morphologies of the colonies were examined microscopically by Gram staining, and the colonies were subsequently subcultured under the same anaerobic conditions on Eggerth-Gagnon agar plates. The isolates were kept frozen (280 uC) in nutrient broth supplemented with 10 % DMSO until use.
Electron microscopy. P. acnes strains K57, K115 and K127 were plated on Columbia Blood Agar plates and inoculated anaerobically in a Whitley A35 Anaerobic Workstation (Don Whitley Scientific) for 5 days at 37 uC with ,0.02 % O 2 . Bacteria were scraped from the agar plates and suspended in a small volume of PBS before fixation by addition of 1 : 1 vol. Carson's. The fixed bacterial suspension was negatively stained with 1 % (w/v) ammonium molybdate on carbon/ Formvar-coated, copper electron microscopy grids (Agar Scientific) and digital images were acquired with a JEM 1400 transmission electron microscope (JEOL) equipped with an AMT XR60 camera (Debben).
Lysis of bacterial cells to release genomic DNA. The 50 P. acnes isolates were plated on Columbia Blood Agar plates and inoculated anaerobically in a Whitley A35 Anaerobic Workstation at 37 uC with ,0.02 % O 2 for 3-5 days. DNA preparation was carried out by resuspending a 1 ml loopful of bacterial cells into sterile microtubes containing 1 ml nuclease-free water. Tubes were centrifuged for 5 min at 13 000 r.p.m. and the supernatant was removed and discarded by pipetting. The bacterial cell pellet was resuspended in 200 ml nuclease-free water, the suspension was boiled for 10 min at 100 uC in a dry heating block and the lysate was stored at 220 uC until required.
Identification of P. acnes isolates using the 16S rRNA gene.
The isolates were identified to species level using 16S rRNA gene sequences. Two universal primers, ANT1F (59-AGA GTT TGA TCC TGG CTC AG-39) and 1392R (59-ACG GGC GGT GTG TAC AAG-39) (Rajakaruna et al., 2009) , were used to amplify the bacterial 16S rRNA gene coding region. Amplification reactions were performed in a total volume of 50 ml containing 1 ml cell lysate, 25 ml PCR Master Mix (Promega) and 10 pmol ANT1F and 1392R primers. PCR amplifications were performed in a GeneAmp PCR System 9700 (Applied Biosystems) with the following programme: 95 uC for 2 min, followed by 35 cycles consisting of 95 uC for 45 s, 56 uC for 45 s, 72 uC for 1 min and a final extension period of 72 uC for 5 min. The amplified DNA was purified using an Agencourt AMPure XP kit (Beckman Coulter).
Nearly the whole length of the 16S rRNA gene (about 1300 bp) was used for sequence analysis. The dideoxy chain-termination reaction was conducted for both directions using 357F (59-CTC CTA CGG GAG GCA GCA G-39) and 3R (59-GTT GCG CTC GTT GCG GGA CT-39) primers (Rajakaruna et al., 2009 ) with a double-stranded DNA template and the BigDye Terminator Cycle Sequencing kit (Applied Biosystems). The products were analysed with an ABI 3730 DNA Analyser (Applied Biosystems). The data obtained for both directions were aligned and manually edited using BioNumerics 6.1 software (Applied Maths). The nucleotide sequences were matched to existing 16S rRNA gene deposits using the Seqmatch program (Ribosomal Database Project II, http://rdp.cme.msu.edu) (Cole et al., 2007) .
MLST scheme for P. acnes strains. The scheme proposed by  http://pubmlst.org/pacnes/) was used. Seven housekeeping genes (aroE, atpD, gmk, guaA, lepA, recA and sodA) were used for MLST typing. The primers used for PCR amplification and DNA sequencing are described in Table 1 .
PCR amplification and purification. For each of the genes, amplification reactions were performed in a total volume of 25 ml containing 2 ml cell lysate, 10 ml Fast Cycling PCR Master Mix (contains HotStarTaq Plus DNA Polymerase, 16 Fast Cycling Buffer, 200 mM each dDNP, optimized Mg + concentration) (Qiagen), 10 pmol each of the forward and the reverse primers and 2 ml CoralLoad Fast Cycling Dye (Qiagen). PCR amplifications were performed in a GeneAmp PCR System 9700 (Applied Biosystems) with the following cycling conditions: initial denaturation at 95 uC for 5 min, followed by 30 cycles consisting of 96 uC for 30 s, 58 uC for 30 s, 72 uC for 1 min. In a few cases that showed very weak PCR amplification on agarose gel electrophoresis, a second round of PCR amplification was carried out using the first round PCR products as template.
PCR products were purified using the Agencourt AMPure XP System (Beckman Coulter) and the Biomek NXP Automated Liquid Handling System according to the manufacturer's instructions (Beckman Coulter).
Sequencing. Purified PCR products were sequenced in both directions using forward and reverse sequence primers with a v1.1 BigDye Terminator Cycle Sequencing kit (Applied Biosystems). The sequencing extension products were purified using the Agencourt CleanSEQ System (Beckman Coulter) and the Biomek NXP Automated Liquid Handling System according to the manufacturer's instructions (Beckman Coulter). Purified samples were separated, detected and analysed on an ABI 3730 Genetic Analyzer (Applied Biosytems). The sequence analysis was done using the same protocol as described above in the last section.
Reference genomes. All four complete genome sequences of P. acnes strains available in the NCBI Nucleotide database were downloaded as references. The origin and accession numbers of the strains are summarized in Table 2 . Each of the four genome sequences were aligned with some of our sequence data for the 16S rRNA gene by using NCBI BLASTN online software to extract their 16S rRNA gene sequence. The sequences of the seven housekeeping genes for MLST typing were extracted as well.
Dendrogram analysis. Phylogenetic and molecular evolutionary analyses of 16S rRNA genes were carried out using CLUSTAL W software on the EMBL-EBI webpage (http://www.ebi.ac.uk/). Analyses of concatenated sequences of the seven MLST genes were conducted using MEGA5 software (Tamura et al., 2011) . The phylogenetic trees were constructed by the neighbour-joining method (Saitou & Nei, 1987) , and a bootstrap resampling analysis (Felsenstein, 1985) of 1000 replicates was performed to estimate the confidence of tree topologies.
RESULTS
Colonial morphology, cell morphology, and 16S rRNA gene identification Seventy-six isolates were obtained, and 50 isolates were identified as P. acnes by 16S rRNA gene sequencing. Other isolates were identified as Propionibacterium granulosum, Staphylococcus species, Bacillus species, Paenibacillus species and Actinomyces species. Differences in colonial morphology were observed on Eggerth-Gagnon agar plates. Characteristically colonies were brown, but sometimes they appeared slightly whitish, yellowish or blackish and were circular and convex with entire margins. In some cases, the colonies were umbonate. In rare cases the margins were undulate.
For type III strains, colonies were brownish-white to white, circular and convex with entire margins. They were slightly smaller than colonies of other types, and could be readily distinguished.
Under the light microscope, five type III strains, K55, K57, K78, K124 and K290, showed a filamentous cell shape in (2011) part, while the cells of all other strains were short rods. Electron microscopy clearly confirmed that some cells of strain K57 formed long filaments, while cells of other strains such as K114 and K127 were short rods.
Despite differences in morphotypes, 50 strains were confirmed as P. acnes by 16S rRNA gene sequencing, and the difference in the gene sequences between each strain was within only two nucleotides (Fig. 1) .
ST profiles
Among the 50 strains used in this study, eight STs were delineated, and they covered all of the reported clusters, IA, IB1, IB2, II and III (Fig. 2) . Utilizing the MLST database developed by , the observed STs were ST6, ST9, ST22, ST10, ST42, ST46, ST43 and ST19 (Table 3 ). All strains yielded PCR products for all seven genes, and a corresponding ST was found for each. The most predominant ST was ST6, which comprised 14 out of 50 strains (28 %), while ST6 was the only type IA ST detected. The second most common type was ST10, which comprised 13 out of 50 strains (26 %), and here ST10 was the only type IB1 ST found. Ten out of 50 strains (20 %) were ST43. The remaining five STs comprised five strains or fewer, and together they comprised only 13 out of 50 strains (26 %).
Analysis of the four reference genomes revealed that they belonged to ST10 (strains KPA171202 and 6609), ST11 (strain SK137) and ST25 (strain 266). ST11 and ST25 belonged to type IA, and ST10 belonged to type IB1, the two most common types found in this analysis (Fig. 2) .
Interestingly, in many cases, more than one ST was obtained from a single site (data not shown). Differences in the characteristics (colour, size and dryness) of their colonies enabled their isolation and purification from primary culture plates. These varieties were dispersed into different clusters.
Furthermore, there might be a possibility of underestimation of the ST variation, because we picked only one colony Genetic diversity of Propionibacterium acnes in Japan for isolation as a representative of each colony morphology on a culture plate. If different P. acnes STs show similar morphologies on a plate, some of the STs may have been disregarded in this analysis. To obtain the total variation of the STs, more colonies should be picked, and such analysis might be more informative.
ST difference between strains from AD patients and healthy subjects ST6 (cluster IA) strains were obtained from two out of four AD patients, while only one ST6 strain was isolated from ten non-AD subjects (no significance, Fisher's exact test) (Fig. 2) . Thirteen strains out of 28 (46 %) isolated from AD patients were typed as ST6, while one out of 22 strains (5 %) was recovered from healthy subjects. As the isolate number per person was not unified, we consider it inapplicable to analyse significance on a strain basis.
ST9 and ST22 (cluster IB2) strains were obtained from four out of ten non-AD subjects, while strains of these STs were not isolated from AD patients (no significance, Fisher's exact test) (Fig. 2) . These clusters comprised five strains out of 22 (23 %) from non-AD subjects. Again, we consider it inapplicable to analyse significance on a strain basis for the same reason. 
ST characteristics of strains between different body sites
The strains were isolated from the skin surface of six different body sites. The strains from each body site included at least one of the three common STs: ST6, ST10 and ST43.
With regard to type I (clusters IA, IB1 and IB2) strains, only six out of 22 strains (27 %) from the face (forehead and cheek) were typed into ST6, while eight out of ten strains (80 %) from other sites (forearm, axilla, sole and eczema) were typed as such. This difference was significant (P,0.01, Fisher's exact test). In addition, two out of five strains (40 %) from the axilla were typed as ST42, while none of the 45 strains from other body sites were isolated from the axilla. This difference was significant as well (P,0.01, Fisher's exact test) (Table 4) .
DISCUSSION
For most species, clonal diversity is obscured by the consistent colonial morphology of cultures grown on agar plates. However, in P. acnes, this apparent diversity is manifested in a range of colony morphologies on EggerthGagnon agar plates (see Results). It was therefore essential to confirm the identity of each strain prior to further work. Comparative 16S rRNA gene sequence analysis accurately identified each strain to the species level (.99 % sequence similarity), but lacked the resolution to type strains as there was only a two nucleotide difference between strains (Fig. 1) . Genotyping was therefore achieved using MLST. The genomic typing scheme successfully typed all 50 strains isolated from the human skin of subjects in Japan and demonstrated universal application of the MLST scheme for typing P. acnes.
Type comparison between Europe and Japan
The majority of the strains were allocated to types IA (ST6) (28 %), IB1 (ST10) (26 %) and II (26 %), in accordance with other reports on European strains (Tables 3 and 5) . These three types appear to be emerging as dominant global STs based on data so far from subjects in Europe and Japan. In addition, there was one striking difference in that five type III strains existed in our collections, isolated both from AD patients and healthy volunteers. All of these five strains were confirmed morphologically as type III strains by light microscopy as having a filamentous cell shape, and among them, strain K57 was confirmed as such by electron microscopy (Fig. 3) . Table 3 . MLST profiles of analysed P. acnes strains IB1  8  3  0  2  0  0  9  IB2  3  0  0  0  0  0  22  IB2  2  0  0  0  0  0  42  II  0  0  0  2  0  0  43  II  7  0  0  0  1  2  46  II  1  0  0  0  0  0  19  III  4  0  1  0  0  0  Total  27  7  5  5  1  5 To date, type III strains have never been reported from samples of human skin. The type III isolates reported so far have been from spinal discs, cornea, and from postoperative hip joint and cranial bursa infections (Lomholt & Kilian, 2010 , although the origin of one isolate was not specified (Lomholt & Kilian, 2010) . The reason for this polarization is not clear, and two possibilities might explain this phenomenon: firstly, the proportion of type III in the overall P. acnes population may be so small in European subjects that the colonies are masked on culture plates; or, secondly, this ST type does not colonize the skin of Europeans. Our experience shows their cultural conditions are not different to those for other types. However, type III strains show a slightly different colonial appearance in that they are usually slightly smaller and more whitish on blood agar plates after 7 days growth. As they are isolated from various infectious conditions in Europe, it seems plausible to infer that the human skin is a reservoir for these opportunistic pathogens.
Matching of two MLST schemes by using reference genomes
MLST analysis of two of the four reference genomes in the public database has enabled the comparison of dendrograms generated by using two different typing schemes. One of the genome strains, KPA171202, which was typed as 'ST34 (subdivision I-2)' by using the typing scheme of Lomholt & Kilian (2010) , belonged to ST10 (type IB1) in our study. SK137, which could not be typed and could only be described as belonging to 'cluster I-1a' because one housekeeping gene in their scheme was lacking, belonged to ST11 (type IA) in our study. As our dendrogram closely resembles that of Lomholt & Kilian (2010) , this result showed 'subdivision I-2' and 'cluster I-1a' were in agreement with type IB1 and type IA in our scheme, respectively.
The analysis enabled the further typing of the other two genome strains. Thus, strain 266 belonged to ST25 and is included in type IA. In the same way, strain 6609 can be assigned to ST10 in type IB1. Recently, strains 266 and 6609 were investigated in more detail in relation to certain clinical features, and their STs were confirmed.
Clinical significance of types IA and IB1 to acne vulgaris (common acne)
Growing evidence suggests that P. acnes plays a major role in acne vulgaris. This is further supported at the genome level, as the sequencing of strain KPA171202 revealed lipase, sialidase and neuraminidase genes (Brüggemann et al., 2004) . Furthermore, no other species has been shown to predominate at acne lesions (Bek-Thomsen et al., 2008) . The typing report by Lomholt & Kilian (2010) revealed that 'cluster I-1a' in their scheme, which matched the type IA reported here, is related to severe acne. Indeed, transcriptomic studies of strain 266 compared to strain KPA171202 were undertaken (Brzuszkiewicz et al., 2011) and some genes including a lipase-encoding gene were found to be upregulated in strain 266. It was therefore hypothesized that increased lipase production among type IA strains exacerbates acne vulgaris.
To date, there is no report on the isolation of type IA strains from non-acneic skin, and thus it is unclear whether or not the type IA strains in acne lesions behave as an infectious pathogen to induce acne as soon as they attach to the skin. Our results suggest that some strains of type IA are relatively common in the microbiota of non-acneic lesions, and they may have the ability to induce acne only under certain conditions. This result may be in accord with a previous report of Higaki et al. (2000) , which states that biotype 3 within P. acnes type I is responsible for severe acne, and produces higher levels of lipase together with the production of propionic and butyric acids. Since these volatile acids are only produced under anaerobic conditions, it seems reasonable to speculate that this species switches its aerobic metabolism to anaerobic metabolism, and this may be facilitated by lipase activity. This hypothesis is currently being studied by analysis of the proteome of cells grown both aerobically and anaerobically (in progress).
The same report suggested that 'division I-2' in their scheme, the match of our type IB1, is not related to severe acne. In this context, the description in the sequencing report of Hunyadkürti et al. (2011) , which states that 6609 (ST10, type IB1) does not induce the expression of proinflammatory mediators, seems to be reasonable. These findings may in the future help to provide a basis for the treatment and prevention of acne vulgaris.
Possible clinical relevance of types IA and IB2 to AD
Although it is generally accepted that the microbiota of AD patients differs from that of healthy subjects, with a much higher population of Staphylococcus aureus both in eczema lesions (Leyden et al., 1974) and in normal-looking sites (Aly et al., 1977) , the overall P. acnes population on the skin of patients and healthy subjects remains unchanged (Dekio et al., 2007) . As a result, P. acnes has not been considered to be important in the aetiology of AD to date. We aimed to analyse the significance of ST structure between AD patients and the non-AD group. Our results indicated no significant difference, but analysis of larger numbers of samples may help to clarify this. It seems worthwhile investigating the ST structure to help elucidate the pathophysiology of AD.
Distribution of types on the skin in different body sites
The population of P. acnes differs widely between body sites, ranging from the order of 10 2 cm 22 on the arm to 10 7 cm 22 on the face. Thus, it is natural to speculate that the type distribution of P. acnes differs in different body sites; however, this cannot be substantiated at the present time. Our data suggest that facial skin harbours various types of P. acnes, compared with other body sites, with the majority being ST6 strains. This may indicate that ST6 strains have been selected out to colonize the relatively dry and harsh conditions of the skin, while other types may have adapted to less demanding niches.
